Photoconvertible fluorescent proteins (FPs) are recent additions to the biologists' toolbox for understanding the living cell. Like GFP, monomeric EosFP is bright green in colour but is efficiently photo-converted into a red fluorescent form using a mild violet-blue excitation. Here we report mEosFP-based probes that localize to the cytosol, plasma-membrane invaginations, endosomes, pre-vacuolar vesicles, vacuoles, the endoplasmic reticulum, Golgi bodies, mitochondria, peroxisomes and the two major 
Introduction
Multi-coloured fluorescent proteins (FPs) spanning the entire visible spectrum are considered essential tools for studying gene activity, protein localization and subcellular interactions in modern biology. Numerous subcellular-targeted FP probes have been created for live imaging of plants at the organ, tissue, cell, sub-cellular and sub-organeller levels. Several dedicated web-educational resources have been developed and provide comprehensive and frequently updated information on subcellular-targeted FP probes for plants (Mathur, 2007; Held et al., 2008; Mano et al., 2008; 2009 ).
The routine use of FPs in plant biology has also made us aware of their limitations.
The emission spectra of most commonly used FPs span discrete color bands (Shaner et al., 2007) and consequently all targets of a single FP-fusion become highlighted in a specific colour only. Whereas interactions between dissimilar organelles are readily studied using multicolour labeling using two or more fluorescent proteins (Mathur et al. 2002; Ueda et al., 2004; Kato et al., 2008) single color labeling becomes a limiting factor when the aim is to understand spatiotemporal aspects of interactions between similar organelles. Further limitations of single coloured FPs become apparent when visualizing local and often transient alterations in the organization of dynamic subcellular elements like the cytoskeleton and endomembranes. Carrying out comparisons for these flexible elements simultaneously is challenging and usually not amenable to quantification. Finally an issue that plagues most live-imaging approaches is the absence of built-in controls in the cells under observation. For most researchers the decision of when to stop imaging a cell or a small subcellular region remains empirical rather than one based on a clear imaging parameter. In most studies of living cells internal controls indicating photo-damage are missing as it is generally assumed that such effects must be minimal. Whereas, chlorophyll photobleaching provides a useful visible control in studies involving green tissues a large proportion of published live-imaging data comes from non-green cells and tissues where this internal indicator of cell health cannot be applied. Nevertheless, given the rapid responsiveness of plant cells (Sinclair et al., 2009 ) internal indicators are extremely important for minimizing artifacts while studying subcellular interactions.
In the majority of transgenic lines created to-date targeted FPs are constitutively 6 expressed and cannot be induced at will. However, as underscored through studies utilizing heat shock and chemically inducible promoters (Saidi et al., 2005; Ketelaar et al., 2004; Tang et al., 2004 ) FP-inducibility is a very desirable trait for studying organelleinteractions and protein-protein interactions. It is noteworthy that for most inducible systems developed so far the induction is global, often involves multiple tissues or entire seedlings and cannot be easily switched off. Frequently, expression levels fluctuate over time and can lead to cumulative protein over-expression related artifacts.
In its present stage the field of imaging subcellular events and interactions in living plants could greatly benefit from monomeric FP-probes that combine the favorable properties of existing FPs with rapid, irreversible photo-convertibility. More important, photo-convertible probes should work under existing microscopy infrastructure without requiring additional monetary inputs, be compatible with existing FP-probes and provide quantifiable data. An invaluable quality sought in the new probes should allow their use as internal controls for monitoring cell health during live-visualization.
Recently several new 'optical highlighters', broadly categorized as photoactivable, photo-switchable and photo-convertible FPs have become available (Ai et al., 2006; Shaner et al., 2007; Wiedenmann et al., 2009) . In response to specific wavelengths these proteins undergo structural changes that result in their becoming 'switched on' to a bright fluorescent state (photoactivable FPs; Patterson and Lippincott-Schwartz, 2002) or cause a shift in their fluorescence emission wavelength (photo-convertible FPs; Wiedenmann et al. 2004; Gurskaya 2006) . The use of photoactivable GFP (PA-GFP), photo-convertible Dendra and Kaede has been successfully demonstrated for plants (Arimura et al., 2004; Runions et al., 2006; Martin et al., 2009; Brown et al., 2010) .
Moreover, EosFP, a homolog of Kaede derived from Lobophyllia hemprichii has been engineered to a monomeric form without loss in fluorescence and photoconversion properties (Wiedenmann et al., 2004; Nienhaus et al., 2005) and utilized for demonstrating clathrin-dependent endocytosis during internalization of PIN auxin efflux carriers (Dhonukshe et al., 2007) , for labeling F-actin (Schenkel et al., 2008) and peroxisomes (Sinclair et al., 2009) in plants. In its unconverted form mEosFP displays bright green fluorescence that upon illumination with ca. 390-405 nm waveband changes irreversibly 8 shutting of the diaphragm. For each probe (Figures 1-4 ) a conventional DAPI filter or a violet-blue D-filter allowed us to achieve the same degree of photo-conversion as the high-end 405 nm laser equipped CLSM. Since epi-fluorescent setups usually do not provide beam diameters smaller than 500 µm we found a simple solution by custom creating smaller pinholes of 100 and 50 µm on our Leica DMRE microscope epifluorescent microscope.
Thus where available, the 405 nm laser should be considered the preferred mode for photo-conversion as it allows a high degree of precision through associated automated controls. However, lack of the 405 nm laser does not limit use of these probes as conventional filters on epi-fluorescent microscopes can be used for photo-conversion. To allow complete reproducibility all the photo-conversions shown in images presented here have been carried out using glass filters on epi-fluorescent microscopes.
Properties, uses and caveats associated with various mEosFP probes in plants:
A number of mEosFP fusion probes targeted to different subcellular compartments and structures are reported (Table 1) . While demonstrating photo-convertibility for each probe we have utilized some of them for establishing the novel properties, associated caveats and potential uses of mEosFP in plant research.
Transgenic Arabidopsis plants expressing the mEosFP-cytosolic probe ( Fig.1) were used for assaying the stability of both coloured forms of mEosFP. Observations on more than 70 different transgenic lines harboring mEosFP-cytosolic did not reveal growth and reproductive abnormalities suggesting that the protein is well tolerated by plants.
Photo-conversion of single epidermal cells provided clear differentiation between the green and red forms of mEosFP (Fig 1 A-F ). Differences were also seen between the red form of the protein (R-mEosFP; Fig. 1 D) and chlorophyll auto-fluorescence (false coloured blue; Fig. 1D ) by collecting emission spectra between 570 and 620 nm and 626 to 763 nm, respectively. Both sequential as well as simultaneous use of 488 nm and 543 nm lasers during confocal visualization allowed constant monitoring of the nonphotoconverted green fluorescent form (G-mEosFP) of mEosFP within a cell. This provided the desirable internal control during live-cell imaging since photo-bleaching of 9 G-mEosFP from non-photoconverted regions was an indication of compromised cellular health. In all subsequent visualization reported here using different mEosFP-based probes this internal control was rigorously maintained. It is noteworthy that in cells that have high levels of mEosFP expression a short photo-conversion period will allow colour change to be readily visible but will invariably leave a certain residual green fluorescent form of mEosFP also (Fig.1A versus C) . Care must be taken to record this residual form in the first scan after photoconversion. This is important as in subsequent scans with a 488 nm laser, depending upon the laser strength this partially activated form can either become In general, a minimal 488 nm laser power (1-5 %) and a high (ca. 60-80%) 543 nm laser power allowed us to avoid extra photoconversion as well as photo-bleaching while providing a high green to red contrast. In symplastically isolated epidermal cells such as mature trichomes (Fig. 1E ) and guard cells (Fig. 1F ) the R-mEosFP is very stable and can be easily detected even after 48 hours.
While observing photo-converted cells in mEosFP-cytosolic plants a general artifact that relates equally to all photo-convertible probes became apparent. The diameter of an excitation beam notwithstanding, the illumination and consequent photoconversion of G-EosFP occurs in a concentric manner where the intensity of the excitation wavelength disperses around the beam focal point. Thus under short exposure time GmEosFP molecules at the periphery might be photo-converted only partially in comparison to the those lying on the precise focal point. This slight variation in distribution of excitation intensity results in mEosFP hues ranging from yellow to orange-red at the periphery (Fig.1F) . Therefore it is important to recognize the minor variability in shades of red that occurs during green to red photoconversion and use the maximal red as a point of reference. Fig. 1F where the photo-conversion was carried out on the top guard cell using www.plantphysiol.org on January 6, 2018 -Published by Downloaded from Copyright © 2010 American Society of Plant Biologists. All rights reserved. a circular beam (broken white lines) demonstrates this color variability. A green fluorescent nucleus unexposed to the maximal intensity of photo-converting light did photo-convert completely and therefore appears yellow rather than red or green (Fig. 1F) .
A histogram of RGB values (inset - Fig. 1 F) across the red to green region (ROI) underscores this point while color bar on the side clearly depicts the mixing of red and green colors to produce a variety of hues. Awareness of this artifact is especially important when using mEosFP in studies involving protein co-localization since a partial photoconversion as well as full co-localization will both result in similar yellow hues. However, when 488 nm and 543 nm laser lines are used together the green moiety in partially photoconverted cells usually photo-bleaches faster (within a few scans) and the yellow colour changes to a stable red. Therefore protein co-localization should be inferred only if a yellow signal persists after multiple laser scans.
Another artifact relating to the use of monomeric EosFP became apparent in (Fig 1A, B) . The artifact might thus be attributed to a combination of high violet-blue component in the fluorescent-white light spectrum and a possible higher concentration of mEosFP within the nucleus of certain endoreduplicating hypocotyl epidermal cells (Gendreau et al., 1998 
mEosFP probes allow highly specific differential labeling of membranes and vesicles
The plasma membrane is the outer limiting membrane of the plant cell but maintains high connectivity with the cell interior through tubulo-vesicular compartments known as plasmalemmasomes or plasma-tubules (Robinson et al., 1996) . The aquaporin PIP1 (plasma membrane intrinsic protein 1; Fetter et al., 2004) has been shown to be enriched on paramural plasma membrane invaginations (Robinson et al., 1996) and was used for generating the probe for plasmalemmasomes / plasmatubules. Transient expression of the mEosFP::PIP1 probe in onion epidermal cells highlighted a convoluted plasma-membrane as well as internal tubular-vesicular compartments, including numerous multi-lamellar vesicles of different sizes ( Fig. 2A) . Morphologically, the highlighted compartments closely match the electron micrographs of plasmalemmasomes (Harris et al., 1982; Robinson et al., 1996) . The presence of multi-lamellar vesicles is also consistent Fig. 2F ). These observations suggest that short pulses of photo-converting wavelength can be used to estimate the relative concentrations of proteins in vesicles in living cells. Alternatively as single vesicles of more than 2µm could be easily photoconverted separately (Fig. 2G) we wondered whether the mEosFP::2xFYVE probe could be used for assessing homotypic vesicle fusion. Vesicle fusion takes place under normal conditions and is responsible for the growth and development of large vacuoles. The process is greatly augmented during stress. mEosFP::2xFYVE labeled vesicles were photo-converted within a small region of the cell and allowed to mix for 5 minutes before the cell was challenged with 500 mM salt (NaCl). As shown (arrowhead 14 The ability to differentially highlight a few vesicles amongst hundreds of similar vesicles led to a serendipitous observation. Sporadically a few mEosFP::2xFYVE labeled vesicles displayed an aberrant oscillatory-rotatory motion. These aberrantly behaving vesicles were photo-converted and found to extend tubular projections. The asymmetrically shaped vesicles rapidly elongated into narrow tubules with lengths ranging between 5 to 15 µm and a diameter of 0.6 ± 0.13 µm (Fig. 3B) . The photo-converted tubules could be easily tracked between non-photo-converted mEosFP::2xFYVE labeled vesicles. Tubules frequently formed loops and appeared to snare other vesicles into lose aggregates (Fig. 3C,   D 
(arrowhead

ER targeted mEosFP provides a mild method for assessing endomembrane dynamics
The cortical ER is composed of labile extending and retracting, anastomozing membrane tubules, fenestrated sheets as well as compact spindle shaped ER bodies (Matsushima et al., 2003; Hara-Nishimura et al., 2004) . The dynamic nature of the ER suggested a way of using mEosFP for assessing rapid membrane flow and reorganization. The mGFP-ER construct (Haseloff et al., 1997) has been one of the most used probes for plants. Using similar constructs the ER has also been successfully visualized in other colors (Sinclair et al., 2009 ). However, ss::mEosFP-HDEL is retained within the ER lumen and does not allow the ER membrane to be visualized specifically. The PAGFP-ER construct consisting of trans-membrane domains of Arabidopsis calnexin (Huang et al., 1993) fused to a photoactivable GFP has been reported by Runions et al., (2006) to efficiently label the ER membrane. It formed the basis for creating the CX::mEosFP probe. Unlike PAGFP-ER, which is nearly non-fluorescent prior to its photo-activation the non-photo-converted CX::mEosFP is bright, fluorescent green (Fig. 4A-top) . It thus provides a significant advantage over the parental probe. CX::mEosFP photo-converts readily (Fig. 4A-bottom) and efficiently highlights rapidly moving membrane vesicles, fenestrated membrane sheets and cortical ER tubules while negatively highlighting ER bodies, and the nucleus. In general, the green form of mEosFP is irreversibly photo-converted to the red form 1E ) and thus color dilution can be attributed to protein dispersal, membrane flow and reorganization. In healthy plant cells the rapid movement of CX::mEosFP creates a quick merging of green and red fluorescence. As shown in Fig. 4B the localized photo-conversion of CX::mEosFP creates a color range between green and red. CX::mEosFP was used to estimate membrane flow from one subcellular locale to another by analyzing the ratio of un-converted, green CX::mEosFP to its red form (Fig.   4C, D) . Recovery of green fluorescence in the same region can be used to estimate membrane and fusion protein dynamics (Fig. 4 D) . The applicability of the method for providing correlative measurements is further demonstrated using BDM and Latrunculin-B aided inhibition of ER motility (Fig.4 E) . Acquisition of similar data can be useful for interpreting the mobility and behavior of other organelles. The method using mEosFPprobes and assessing colour recovery after photo-activation follows the same principle as the commonly used FRAP (Fluorescence Recovery After Photo-bleaching; Reits and 
Using mEosFP to understand organelle behaviour and interactions
The probes mito-mEosFP (Fig. 6 A, a A, a, B, b). Notably, in living cells, organelles like mitochondria and peroxisomes are highly motile and thus even a minimal lapse in the timing of the capture of sequential red or green images (caused by single-band cube switching when using broad-spectrum illumination) can lead to the appearance of a lack of co-localization, as a result of a given organelle moving in the x, y, or z planes between exposures. As depicted in the inset in (Fig. 6C) , that photo-converted readily (Fig. 6c) . Recently Golgi-targeted fusions with a tetrameric Kaede protein have been reported (Brown et al. 2010 ). Over-expression of oligomeric proteins usually results in aggregates ranging in size from 0.5 to 2.5 µm and thus limits their suitability for visualizing small organelles, which fall within the same size range (Weidenmann et al., 2004) . Whereas intuitively the monomeric form of a protein should be considered superior to its tetrameric one for live imaging purposes the relative pros and cons of using mEosFP probes or Kaede based probes require further investigation.
mEosFP is fully compatible with other coloured FPs
For mEosFP-based probes to be truly useful in multi-colour live imaging they should be compatible with FP of other colors such as CFP, GFP, YFP, and RFP. This was tested using mEosFP probes targeted to Golgi bodies and the previously described mEosFP-PTS1 probe targeted to peroxisomes (Sinclair et al. 2009 ). The simultaneous visualization of mEosFP::GONST1 with GFP-mTalin (which labels F-actin; Fig. 6C, c) , mEosFP-PTS1 with YFP::mTalin (Fig. 6D, d ) demonstrates mEosFP compatibility with GFP and YFP, respectively. In order to assess whether non photo-converted mEosFP can be used safely with a RFP the mEosFP-PTS1 was co-visualized with RFP-ER using 488 nm and 543 nm lasers (Fig. 6E) . Simultaneous visualization of both probes demonstrated that the green form is stable and not prone to spontaneous photo-conversion. We then tested whether CFP, excited by the 458 nm laser could also be co-visualized with mEosFP. Both the green mEosFP-PTS1 and its red form could be visualized with CFPlabeled actin filaments. Co-visualization with CFP confirmed that mEosFP does not get photo-converted using the 458 nm laser and once again attested to the stability of both forms of mEosFP under simultaneous illumination by 458 and 543 nm lasers (Fig. 6F) . promoter and a nos-terminator sequence had been added was used for generating plant transformation competent mEosFP-cytosol, mEosFP-PTS1, p35S-CX::mEosFP, LIFEACT::mEosFP and mEosFP::MBD-MAP4. An additional version of mEosFPcytosolic was driven by a GLABRA2 promoter, which is strongly active in trichomes (Szymanski et al., 1998) . For the mito-mEosFP construct Eos was PCR amplified from a pcDNA3.1 clone (Reidl et al. 2008 ) using relevant primers (supplementary Table 1 ). The PCR product was purified and digested with SpeI and SacI. The backbone for this construct was pBINmgfp5-atpase (Logan and Leaver, 2000) , cut with SpeI and SacI to remove mGFP5. The 5'-SpeI-Eos-3'-SacI was then ligated in to replace mGFP5. Standard molecular biology protocols were followed (Sambrook et al., 1989) .
Materials and Methods
Molecular methods
Expression in plant cells
Transient expression of different mEosFP probes was carried out in onion epidermal cell and 8-12 days old Arabidopsis seedlings. Gold-particle coating with DNA and bombardment using a biolistic particle delivery system (Bio-Rad PDS-1000/ He; http://www.bio-rad.com/) was carried out following the manufacturer's instructions. mEosFP expression was assessed between 16 and 20 h after biolistic particle bombardment. For mito-mEosFP the transient expression was carried out using agroinfiltration (strain GV3101 at 0.1 OD600) of tobacco leaves according to Sparkes et al., (2006) . The images of mito-mEosFP expression were taken 6 days after infiltration.
Stable transgenic lines for CX::mEosFP, mEosFP-PTS1, mEosFP-cytosol, LIFEACT::mEosFP and mEosFP::MBD-MAP4 were generated using Agrobacterium tumefaciens (strain GV3101) mediated floral dip transformation method (Clough and Bent, 1998) . Seeds were grown on 1% agar-gelled Murashige and Skoog (1962) medium, supplemented with 3% sucrose and with pH adjusted to 5.8. Plants were grown in petri dishes in a growth chamber maintained at 21± 2º C, and a 16/8 hour light/dark regime using cool white light at ca. 80-100 µmol m -2 sec -1 .
Microscopy and drug treatments
For live imaging, plant tissue and seedlings were placed in a depression slide in System 2 consisted of a Leica TCS-SP5 confocal laser-scanning microscope equipped with a 488 nm Ar laser and a 543 nm HeNe laser. The epi-fluorescent setup consisted of a Leica DM6000CS microscope equipped with a 40x water immersion lens (numerical aperture 0.80). Images were obtained in a 1024 x 512 pixel format in x/y/z and x/y/time dimensions, and processed using proprietary LEICA software. Unless stated otherwise the time lapse between x/y/ time scans was maintained at 1.37 sec. Sequential images had a 1µm (z axis) distance between them for x/y/z mode acquisition. Fluorescent emission collection was at 490-510 nm for GFP, 500-522 nm for YFP, 570-620 nm for RFP and 626-763 nm for chlorophyll. For visualizing CFP-mTalin (Fig. 6E ) the probe was excited using 458 nm laser and emission collected between 493 and 510 nm (for CFP); between 511 and 540 nm for green and 568 to 600 nm for red forms, respectively, of mEosFP.
Photo-conversion was performed manually by controlling the diaphragm. The diaphragm on the Leica DM6000CS microscope was modified to achieve 50 and 100 µm apertures. Closing down the iris, or moving the stage so that only a small part of the cell For drug treatments both Latrunculin B and BDM were purchased from Molecular Probes (Invitrogen), dissolved in 30% DMSO and used at concentrations shown (Fig. 4) . Plants used in control experiment depicted in Fig. 4 were placed in water containing an equivalent amount of DMSO.
Post-acquisition image processing and quantification
All images were cropped and processed for brightness/contrast as complete montages using Adobe Photoshop CS3 (http://www.adobe.com). The layer function in Photoshop was used to introduce text, regions of interest and color overlays. Green and red images for mito-mEosFP (Fig.6 a -inset) were merged post acquisition using NIH Image-J. Images acquired using the Leica confocal microscope were processed directly using the proprietary fluorescence intensity quantification tools in various regions of interest. Alternatively the histogram analysis tool that provides RGB data on a 8 bit value scale of 0 to 255 (Cowlishaw, 1985) , Interactive 3D surface plot v2.22 (http://rsbweb.nih.gov/ij/plugins/surface-plot-3d.html) which uses image luminance for plot height, Colour inspector 3D v-2 which shows colour distribution within a 3-dimensional color space and allows color-cell frequency to be presented in histograms (http://www.f4.fhtw-berlin.de/~barthel/ImageJ/ColorInspector/help.htm), and the RGB profiler (http://rsbweb.nih.gov/ij/plugins/rgb-profiler.html) plug-ins from NIH ImageJ-1.40g (http://rsbweb.nih.gov/ij/) were used. Colour quantification (eg. colour bar in Fig. 1 C) followed the ICC compliant Adobe Photoshop colour coding as described (Schenkel et al., 2008) .
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All experiments reported here were replicated at least four times. Where applicable speed measurements are provided as mean value ± standard error followed by the total number (n) of observed cells/organelles. (also see Supplementary Fig. 1 All images acquired using microscopy setup 2. Size bars -A =5µm ; B-D = 2.5 µm. E. Peroxisomes labeled with mEosFP-PTS1 can be clearly discriminated (arrowhead) from RFP-labeled ER during prolonged co-visualization using 488 and 543 nm lasers.
Unintended photoconversion of mEosFP does not occur.
F. Both the non-photoconverted (arrowhead, green) and photo-converted (circle, red)
forms of mEosFP-PTS1 co-visualized with CFP::mTalin targeted to F-actin.
Photoconversion was carried out separately since the 458 nm Ar laser line does not cause mEosFP to change colour.
